We investigated whether proteomic analysis of the low molecular weight region of the serum proteome could predict histologic response of locally advanced rectal cancer to neoadjuvant radiochemotherapy (RCT). Summary Background Data: Proteomic analysis of serum is emerging as a powerful new modality in cancer, in terms of both screening and monitoring response to treatment. No study has yet assessed its ability to predict and monitor the response of rectal cancer to RCT. Methods: Sequential serum samples from 20 patients undergoing RCT were prospectively collected. Time points sampled were as follows: pretreatment, 24/48 hours, 1 week, 2 weeks, 3 weeks, 5 weeks (last day of RCT), and presurgery. Response to treatment was measured using a 5-point tumor regression grade (TRG) based on the degree of residual tumor to fibrosis. All serum samples were analyzed in duplicate using surface-enhanced laser desorption/ionization-time of flight mass spectrometry (SELDI-TOF-MS). Support vector machine (SVM) analysis of spectra was used to generate a predictive algorithm for each time point based on proteins that were maximally differentially expressed between good and poor responders. This algorithm was then tested using leave-one-out cross validation. Results: In total, 230 spectra were generated representing all available time points from 9 good responders (TRG 1ϩ2) and 11 poor responders (TRG 3-5). SVM analysis indicated that changes within the serum proteome at the 24/48 hours time point into treatment provided optimal classification accuracy. In more detail, a cohort of 14 protein peaks were identified that collectively differentiated between good and poor responders, with 87.5% sensitivity and 80% specificity.
N eoadjuvant radiochemotherapy (RCT), followed by rectal cancer resection encompassing a total mesorectal excision, is increasingly accepted as the gold standard for patients with clinical T3/T4 rectal tumors. [1] [2] [3] [4] Compared with adjuvant regimens, neoadjuvant approaches are associated with a reduced rate of local recurrence and improved overall survival. 2, [5] [6] [7] [8] [9] [10] The benefit of neoadjuvant therapy is most marked where a complete pathologic response (pCR) is achieved. Currently, approximately 10% to 30% of patients undergo pCR, characterized by complete sterilization of all tumor cells in the resected surgical specimen. 11, 12 The remainder demonstrate a spectrum of residual disease varying from a few scattered tumor cells to large islands of radioresistant tumor cells. 13 It is not understood why tumors of identical pretreatment stage, undergoing identical neoadjuvant regimens, respond differently to RCT; therefore, all patients undergo empirical treatment. Moreover, RCT is expensive and time-consuming and increases both the perioperative morbidity and the risk of developing secondary tumors. 4,14 -16 The ability to identify and select only patients sensitive to or resistant to RCT, ideally before or in the early stages of treatment, would confer a major clinical advance, both in terms of the optimization of current treatment regimens, and the development of clinical trials.
A further potential value for response predictors is highlighted by a recent seminal publication by Habr-Gama et al. 17 In this study, patients with rectal cancer who under-went a complete clinical response to RCT were managed by observation alone rather than surgery. This cohort had lower rates of local recurrence and increased 5-year survival compared with patients with residual disease that underwent surgery. In this study, clinical assessment did not truly reflect pathologic response as 8.3% of patients deemed incomplete responders were found to have undergone pCR and a further 23% had pT1 disease. The inaccuracy of clinical response in predicting pathologic response has been identified in several other published reports. 18, 19 Identification of accurate means of response prediction using molecular markers would enable the true utility and benefits of conservative management after RCT to be evaluated. Furthermore, while the concept of conservative management after RCT has not previously been described for locally advanced rectal cancer, it is now an established first-line management in other malignancies such as squamous carcinoma of the anus. 20, 21 In recent years, the need for predictive markers to guide therapy, coupled with an increasing knowledge of molecular medicine, has prompted the analysis of archival pretreatment tumor biopsies from patients undergoing RCT. This work, to date, has mainly focused on identifying inherent molecular differences between good and poor responders using immunohistochemistry (IHC). The majority of studies have focused on single or small groups of molecular targets, most commonly mutations in the p53 gene or its downstream effector molecules. Results from these studies, however, have been largely inconclusive and still no clinically useful marker has been described. 22, 23 In recent months, Ghadimi et al reported on global gene expression profiles derived from fresh pretreatment rectal cancer biopsies using cDNA microarrays. 24 In this case, a combination of 54 genes was identified, which showed significantly different expression in the pretreatment biopsy tissues of good versus poor responders. The ability for the combination of these genes to predict response was then assessed using leave-one-out cross-validation. Tumor behavior was correctly predicted on an individual patient basis with 78% sensitivity and 80% specificity. This study is important, as it is the first in rectal cancer to predict response on an individual patient basis using genomic profiling, an approach that may more accurately reflect the multiplicity of pathways controlling radiation response.
A potential alternative to tissue-based methods of response prediction is analysis of the low molecular weight region of the serum proteome using surface-enhanced laser desorption/ ionization time of flight-mass spectrometry (SELDI-TOF-MS). This technique is based on the premise that blood becomes endowed with an archive of protein-based histologic information as it circulates through the body. 25 This is thought to represent byproducts of cellular metabolism such as cell-cell signaling molecules and species shed from dead or dying cells. 26 SELDI-TOF-MS can detect multiple proteins and peptides in biologic samples based upon their time of flight down a vacuum chamber. 27 Using data mining software, profiles of multiple protein patterns may be compared between test and control groups. The most common clinical example of this is the generation of specific proteomic patterns that allow discrimination of serum taken from patients with cancer or from healthy controls. In this role, it has been found to be capable of correctly identifying between groups with high sensitivity and specificity, being validated in many cancer subtypes including colorectal, lung, ovarian and breast cancer. 28 -31 Currently, SELDI-TOF-MS remains unassessed in the role of predicting response to radiation-based therapies. It may be ideally suited to this purpose as in contrast to tissue-based methods, it is minimally invasive and may be repeated at multiple time points through treatment. We report, herein, an investigation of SELDI-TOF-MS analysis of serum to predict and monitor tumor response in patients undergoing a standard multimodal protocol for rectal cancer.
METHODS

Patients and Ethics
Our protocol was passed by the ethics committee of the participating institutions. From July 2003 to October 2004, 20 consecutive patients were prospectively recruited. All patients gave fully informed consent. Pretreatment staging consisted of 1) thoracic and abdominal CT scanning and 2) pelvic MRI scanning in all patients. A subset of patients underwent transrectal ultrasound (TRUS) evaluation in addition to MRI to further define local disease. Any discrepancies between MRI and TRUS were discussed at multidisciplinary conferences and a final pretreatment stage was assigned to each patient according to the TNM classification.
Neoadjuvant Regimen
All patients were deemed suitable for RCT after discussion at a weekly multidisciplinary meeting. Each patient received an identical treatment regimen consisting of 45 Gy of radiotherapy, given in 25 fractions of 1.8 Gy delivered on 5 days for 5 weeks. Continuous IV 5-fluorouracil (225 mg/m 2 per day) was given concurrently with radiotherapy via a syringe driver. Surgery was performed approximately 6 to 8 weeks after the last fraction of radiotherapy had been delivered.
Histopathologic Response
Diagnostic slides from resected specimens of all patients were retrieved. These included no less than 3 sections of the irradiated area per patient. A single pathologist blinded to patient identifying characteristics reassessed all sections. Response to RCT was assessed using the scoring system previously described by Mandard et al. 13 This system grades response on a 5-point scale according to the relative amounts of residual tumor and fibrosis ( Fig.  1 ). For analysis purposes in this study, patients with a TRG of 1 or 2 were deemed to have demonstrated a good response and those with a TRG of 3 to 5 a poor response.
Serum Sampling
Serum sampling was done in accordance with standard operating procedures of the NCI/FDA Clinical Proteomics Program (Bethesda, MD). Briefly, all serum was collected using Z-clot activator serum tubes (Greiner Bio-One, Gloustershire, UK) immediately before irradiation. After clotting, samples were then centrifuged at 3000 rpm for 10 minutes and stored at Ϫ80°C in a designated surgical tissue biobank. Time points sampled through treatment were: pretreatment, immediate/early (24/48 hours), then at 1 week, 2 weeks, 3 weeks, and 5 weeks (before their final fraction of radiation). An additional sample was taken from patients the evening before surgery was performed.
SELDI-TOF-MS Analysis
Serum samples were thawed and added to a Q10 Protein Chip Array (strong anion exchange surface) using a robotic liquid handling workstation (Microlab STAR, Hamilton Company, Reno, NV). Chips were detected on the Protein Biologic System II (PBS-II) Chip Reader System (Ciphergen Biosystems, Freemont, CA) as previously described. 30 The system was calibrated using protein standards, and all samples were run in random order with serum controls. All samples were normalized according to the total ion current of mass-to-charge ratios (m/z) between 2000 and 40,000 Da and qualified mass peaks (signalto-noise ratio Ͼ3) with m/z between 2000 and 20,000 Da were automatically detected. Peak clusters were completed with second-pass peak selection (within a 0.3% mass window) and estimated peaks were added. These analyses were performed using ProteinChip Software, version 3.2.1, and its Biomarker Wizard utility (Ciphergen Biosystems).
Bioinformatic Analysis
Support vector machines (SVMs) were applied to binary-labeled training data (ie, responders and nonresponders) and were used to perform classification on median normalized, averaged duplicate spectra at each time point sampled. 32, 33 The SVM method was chosen over other classification methods, such as decision tree-based approaches, by virtue of the fact that it classifies data based upon their maximal separation using a three-dimensional hyperplane rather than finding the highest training accuracy. This process, therefore, minimizes the risk of chance error and overtraining of data 34 and has been used in other studies involving serum proteomics. 35 The misclassification rates of the classifier developed for each time point was then tested using a leave-one-out cross-validation strategy using GeneSpring 7.2 (Silicon Genetics, Redwood City, CA). The predictive strength of each peak was then evaluated for all peaks in the classifier. This is a measure of the association between class (ie, good/poor responder) and expression level of the peak and is the negative natural log of the peak's P value (P value derived by Fisher exact test). The greater the predictive strength of a peak, its ability to discriminate one class from another. This reflects the fact that not all peaks discriminate between the 2 groups equally but that they are collectively required to achieve the optimal separation between the groups.
RESULTS
Individual Protein Peaks Associated With Good and Poor Response
All 20 patients included in this study underwent the full course of RCT followed by surgical excision of their tumor. Demographic details and staging information are shown in Table 1 . In total, 230 spectra were successfully obtained representing available time points from all patients run in duplicate. Before assessing the ability of proteomic profiles to predict response, an analysis of conventional pretreatment patient indices to predict response was performed using a Cox proportional hazards model (SPSS, version 12, SPSS Inc., Chicago, IL). This included patient age, sex, tumor distance from the anal verge, and TNM stage. Similar to other pub-FIGURE 1. Mandard tumor regression grade used to classify response in this study. 13 
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Proteomic Response Prediction lished reports in rectal cancer undergoing RCT, these variables were unable to predict response. 23 Preliminary proteomic analysis was performed using Biomarker Wizard software (Ciphergen Biosystems). This demonstrated multiple differential expression patterns of individual peaks both at individual time points and over the course of RCT. Analysis of individual time points revealed several peaks that were significantly differentially expressed between good and poor responders (P Ͻ 0.05). Here, positive markers of a good response, ie, protein peaks expressed at higher levels in good responder relative to poor responders (eg, m/z 4188), as well as negative markers of good response (eg, m/z 4159) were identified at all time points (examples given in Fig. 2) .
Time-course analysis of single peak expression over the course of RCT in individual patients was also performed. This revealed a multiplicity of protein responses to RCT comprising differential alterations, many of which could be directly correlated to RCT. Two compelling examples of these can be seen in seen in Figures 3 and 4 . In Figure 3 , the intensity of a peak at m/z 4159, previously identified as being associated with a poor response (Fig. 2) , is seen at each time point through treatment in a single, poorly responsive patient. This peak is rapidly up-regulated until 1 week into treatment, wherein after it is steadily down-regulated. Of note, between the 6-to 8-week period between stopping RCT and surgery, this peak remains down-regulated compared with pretreatment levels. Figure 4 shows the intensity of a peak at m/z 3451 over time, again in a poorly responsive patient. Here, the intensity of this peak is seen to increase by over 3-fold during the course of RCT but between the 6-to 8-week period between stopping RCT and commencement of surgery, its expression fell back to its original pretreatment value. In addition to peaks, which showed time course-related changes to RCT, there were others that did not and whose intensity was constant throughout the course of treatment (data not shown).
Classification of Response to RCT Based on Protein Spectra
To determine whether a selection of spectral peaks could differentiate good from poor responders, SVM analysis was performed at each of the time points sampled. The performance of each classifier was then determined using leave-one-out cross validation. Briefly, the ability of a classifier to predict the response status of an individual, blinded patient sample based on the expression of the remaining patient samples was iteratively assessed and the optimal sensitivities and specificities determined. These are shown for each time point in Table 2 . The greatest classification accuracy was achieved using serum from 18 patients sampled 24/48 hours into treatment, where prediction of response could be performed with a sensitivity of 87.5% and a specificity of 80%.
This was achieved using a 14-peak classifier comprising 7 positive and 7 negative markers of good response to RCT (Fig. 5) . The majority of these detected peaks were of low molecular weight: 10 of 14 (71%) had m/z values of Ͻ5000 Da and a further 3 (21%) had m/z values of Ͻ10,000 Da. While some degree of discrimination between response groups could be obtained by SVM at other time points, its accuracy was too poor for clinical utility ( Table 2) . 1  M  79  1  T2N0  T4N0  0  AR  T1N0  2  2  F  57  11  T3N1  NA  0  AR  T3N0  3  3  F  51  3  T3N1  NA  0  AR  T3N1  3  4  M  52  7  T3N1  T2N0  0  AR  T3N1  4  5  M  55  10  T3N1  NA  0  AR  T3N1  3  6  M  61  11  T3N1  NA  0  AR  T3N0  1  7  F  72  8  T3N0  NA  0  AR  T3N0  2  8  M  66  8  T3N1  T3N1  1  AR  T3N2  2  9  M  74  3  T3N0  T3N0  0  APR  T3N0  2  10  M  46  5  T3N1  NA  0  AR  T3N1  4  11  M  63  7  T3N1  NA  0  AR  T4N0  4  12  F  67  7  T3N1  T3N1  0  AR  T3N2  4  13  M  77  2  T3N0  T3N0  0  AR  T3N0  3  14  M  69  5  T3N1  T3N0  0  AR  T3N1  4  15  F  73  5  T2N0  NA  0  AR  T0N0  1  16  F  66  2  T3N0  T3N0  0  APR  T3N0  3  17  M  53  8  T3N1  NA  0  AR  T3N0  4  18  M  75  6  T3N1  T3N1  0  AR  T2N0  2  19  M  70  8  T3N1  T3N1  0  AR  T0N0  1  20  M  62  3  T3N1  T3N1  0  APR  T3N1  2 NA indicates not applicable.
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DISCUSSION
In this study, serial SELDI-TOF-MS serum profiling was performed in 20 patients with rectal cancer undergoing neoadjuvant RCT. Pretreatment samples were unable to predict response, but serum samples taken 24/48 hours into treatment could predict the ultimate pathologic response with 87.5% sensitivity and 80% specificity based on a pattern of 14 differentially expressed proteins.
The finding may be clinically important as, to date, most studies that have aimed to predict response to RCT in rectal cancer have used pretreatment tissue biopsies. 36 Biopsy methods have 2 implicit suggestions: first, that the small portion of tumor sampled is representative of the tumor biology as a whole; and second, that molecular expression at this time point best represents how the tumor will subsequently respond. Increasing evidence suggests that there is a dynamic response to cytotoxic therapy within tumors and that important changes in gene expression occur in the initial . Time-course analysis of peak at m/z 3451 demonstrating Ͼ3-fold up-regulation during RCT, followed by return to pretreatment levels 6 weeks after stopping RCT. Intensity, normalized to total ion current, is given on the vertical axis.
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Proteomic Response Prediction stages of treatment. In a mouse model, Wang et al have recently demonstrated that total body irradiation induces the expression of the transcription factor nuclear factor B (NFB) in intestinal epithelial cells in a time-dependent manner. 37 They found that an initial rise and fall in NFB activity 2 hours after radiation exposure occurred followed by a subsequent rise in levels that persisted for up to 24 hours. This observation is important as NFB is known to induce the expression of many molecules capable of regulating cell survival. We have previously identified that endogenous nuclear NFB expression in pretreatment biopsies can predict response of esophageal tumors to neoadjuvant, multimodal therapy, 38 and previous studies have shown that inhibition of NFB activation increases radiation-induced apoptosis and cellular radiosensitivity in colorectal cancer cell lines. 39 Rodel et al, 40 in a colorectal cell line model, demonstrated a marked up-regulation of the apoptosis inhibitor survivin 48 hours after cell irradiation in radioresistant cells, associated with reduced levels of cellular apoptosis. This was in stark contrast to radiosensitive cells where survivin expression remained unchanged. Buchholz et al analyzed sequential core biopsies from 5 patients with breast cancer undergoing neoadjuvant chemotherapy. 41 Biopsies were taken pretreatment and 24 and/or 48 hours after treatment and analyzed using cDNA microarrays. This study identified significant changes in transcriptional response in patients during chemotherapy, and these changes were associated with gene clustering that was distinct in patients with a good or poor response.
This evidence therefore suggests that the early time point after initiation of cytotoxic therapy may potentially be even more important than pretreatment sampling because transcriptional profiles of molecules involved in radio-responsiveness have become established. Serial assessment of molecular tumor profiles, rather than reliance purely on pretreatment tumor biopsies, may therefore ultimately prove to be the most informative means of predicting response and understanding endogenous mechanisms of tumor radioresistance. If this hypothesis were correct, it would favor a move away from conventional tissue biopsy, or repeated endoscopy and biopsy, which is invasive and often distressing for patients. An alternative means of evaluating patients via proteomic analysis of serum via SELDI-TOF-MS has considerable appeal, as serum sampling is minimally invasive and can easily be repeated at multiple time points throughout treatment.
This study highlights the potential utility of SELDI-TOF-MS analysis as a clinical response prediction tool. Not only does it predict response after the first or second dose of radiation, but it does so on an individual patient basis with high sensitivity and specificity based on a combination of 14 key proteomic differences. This is in contrast to previous immunohistochemically based studies where statistically significant differences in markers have been identified between good and poor response groups but have not been assessed in a prospective manner. 42 Analysis of the pretreatment serum proteome was not sufficient of itself in this study as, although 12 proteins were differentially expressed between good and Sensitivities and specificities are calculated using leave one out cross validation.
FIGURE 5.
This shows the ability of 14 "key" peaks to identify good and poor responders at the 24-and 48-hour time point. Vertical columns represent individual patient response profiles; rows represent individual predictive peaks. Shading represents mean-normalized expression values of the signal for a peak across the time points assessed. Black boxes indicate a higher than mean signal for that peak and vice versa. The predictive strength of each peak, derived from the negative natural log of its P value, is also indicated.
Smith et al
poor responders (P Ͻ 0.05), they were unable to predict response on cross validation (data not shown). As the radiation response is likely to be governed by many interacting molecular pathways, it may be that only techniques such as SELDI-TOF-MS, capable of simultaneously detecting multiple markers, are able to accurately predict response at an individual level.
There is increasing evidence that serum proteomic analysis will ultimately prove to be a valuable clinical tool. 43 There are several important aspects of experimental design, however, including identical sample preparation and treatment protocols, checks of sensitivity and reproducibility between runs, and using robotic instrumentation to increase precision that must be adhered to if meaningful interpretation of results and interlaboratory comparison are to be made. 44 We addressed these issues in our study in several ways by strict adherence to established NCI standard operating procedures. Specifically, all serum was collected in additive-free tubes immediately before each fraction of radiation was given. A fresh vein was used on each occasion and centrifugation and storage of serum at Ϫ80°C was always performed in less than 2 hours. To avoid pipetting inaccuracy, chip preparation and serum application were performed using a robotic liquid handling workstation and, in each run, serum samples were run in random order on chips and in duplicate.
One of the main focuses of our laboratory is currently the expansion and validation of these data. Despite our attention to detail in every aspect of this study, it is imperative that we are able to replicate our results on a further cohort of patients not used to derive our original discriminating model. As such, all patients undergoing RCT at our institution are being invited to participate in this study, and serum is still being actively collected. We anticipate that our current classifier will still be able to correctly predict response in this expanded group of patients; however, the ultimate test of its robustness and clinical applicability would require multicenter sample accrual and processing.
The biologic processes governed by the 14 peaks identified in this study are unclear. We hypothesize that they most likely represent pro/antiapoptosis signaling factors derived from tumors as part of their initial response to radiation. Increasing evidence suggests that apoptosis is an integral mechanism for tumor radiosensitivity. [45] [46] [47] [48] Studies in rectal cancer have already shown that high levels of apoptosis in pretreatment biopsies may correlate with a good response to radiotherapy. 49 This hypothesis is supported by temporal assays of circulating nucleosomes, elementary units of chromatin released into the circulation in situations of enhanced apoptosis, in the sera of patients during radiation and chemotherapy. Nucleosome levels reach maximum values at 48 to 72 hours in the serum of patients receiving radiotherapy for pancreatic cancer and chemotherapy for colorectal cancer. 50, 51 SELDI-TOF-MS profiling may offer other clinical possibilities. One of these is the ability to identify and sequence the proteins or peptides responsible for predictive peaks. This in turn may aid the discovery of specific mediators and pathways that are driving radiation response, facilitating the development of novel pharmacological therapies. A recent publication by the Human Proteome Organisation Plasma Proteome Project emphasizes this capability and its consistency across multiple geographic sites. 52 Here, aliquots of reference serum and plasma samples were analyzed by 8 different laboratories worldwide. Data from 5 sites passed preliminary quality assurance tests and among these, a high correlation was found between spectra generated. Furthermore, a peak at m/z 9200 was consistently purified and identified in samples originating from these 5 sites using mass fingerprinting and MS-MS analysis.
CONCLUSION
This study is the first to our knowledge to use SELDI-TOF-MS to predict outcome after RCT for rectal cancer. It supports the thesis that the analysis of dynamic tumor responses as opposed to the focus on pretreatment biopsies may be a critical and largely overlooked predictive tool. It is becoming apparent that SELDI-TOF-MS is a stable and reproducible platform that enables secondary protein purification and identification. It may thus provide a more specific understanding of the molecular basis of resistance to radiation and cytotoxic therapy may be gained, allowing for the creation of tailor-made cancer therapy. The data from this study suggest that SELDI-TOF-MS has significant promise toward a better understanding and novel clinical trials in the multimodal management of rectal cancer.
